A mouse homeobox gene, Nkx-1.2, (previously termed Sax-1) that is closely related to the Drosophila NK-1͞S59 gene was cloned, and genomic DNA and cDNA were sequenced. Nine Nkx-1.2 cDNA clones were found that correspond to three species of Nkx-1.2 mRNA that are formed by alternative splicing at conventional 5 donor and 3 acceptor splice sites; however, seven cDNA clones were found that correspond to three species of Nkx-1.2 mRNA from testes that have novel TG͞AC 5 and 3 splice sites. The consensus splice sequences are: 5 donor, CC2TGGAAG; 3 acceptor, ACT-TAC2. Predicted amino acid sequences suggest that some transcripts may be translated into proteins that lack part or all of the homeodomain. At least three bands of Nkx-1.2 mRNA were found in RNA from the testes. Nkx-1.2 mRNA was shown to be present in postmeiotic germ cells of the testis and in mature spermatozoa. Nkx-1.2 mRNA also was found in regions of the adult cerebral cortex, hippocampus, diencephalon, pons͞medulla, and cerebellum. Nkx-1.2 mRNA was found in embryos in highest abundance in 10-day embryos; the mRNA levels decrease during further development. Nkx-1.2 mRNA also was found in discrete zones of the embryonic mesencephalon and myelencephalon.
T
he Drosophila NK-1͞S59 homeobox gene (1, 2) encodes a homeodomain protein that is expressed about 5 hr after fertilization in mesodermal cells that develop as a subset of muscle founder cells (2) . In addition, NK-1͞S59 is expressed in a subset of cells in the developing central nervous system and a small region of the midgut (2) . The NK-1͞S59 homeodomain has been highly conserved during evolution, and close homologs have been identified in Caenorhabditis elegans (3), honeybee (4), flatworm (5), chicken (6) , mouse (7, 8) , and humans (9) . In the mouse, two homologs of NK-1 have been described: Nkx-1.1 (7) , also named Sax-2 (10), and Nkx-1.2, previously termed Nkx-1.1 (11) or Sax-1 (8) . The patterns of expression of Nkx-1.2͞Sax-1 in the mouse (8) and Sax-1 in the chick embryo (12) have been described. In both species Sax-1 mRNA is expressed in the ectoderm aligned with the primitive streak. Later in development, the mRNA extends into the spinal part of the neural plate, with the last somite formed as the anterior border of Sax-1 expression throughout somitogenesis. Around midgestation, Sax-1 is expressed in the hindbrain, spinal cord, and more anterior parts of the brain, including the mesencephalon, tegmentum, diencephalon, and pretectum. Based on the expression pattern, the mouse Nkx-1.2͞Sax-1 protein was hypothesized to be involved in specification of the posterior neuroectoderm and formation of the posterior part of the neural plate and, later in development, in specification of subsets of neurons within more anterior areas of the central nervous system (8) , similar to a role proposed for the Drosophila homolog NK-1͞S59 (2) .
In the present paper we describe mouse Nkx-1.2 genomic DNA and Nkx-1.2 cDNA corresponding to six species of Nkx-1.2 mRNA formed by alternative splicing. Nucleotide sequence alignments between Nkx-1.2 genomic and cDNA clones revealed expected mRNA splice sites as well as noncanonical sequences for 5Ј donor and 3Ј acceptor mRNA splice sites. In addition, we show that Nkx-1.2 mRNA is expressed in adult brain, postmeiotic male germ cells, and spermatozoa. The analysis of Nkx-1.2 expression also was extended to later stages of mouse embryogenesis. 
Materials and Methods

Reverse-Transcription-PCR (RT-PCR).
First-strand cDNA was synthesized from total or poly(A ϩ ) RNA samples previously treated with RNase-free DNase I (Life Technologies, Rockville, MD), using oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers and SuperScript II RT (Life Technologies). RNA was removed by incubation with Escherichia coli RNase H (Life Technologies), and aliquots of (Ϫ) strand cDNA were subjected to PCR with gene-specific primers and either Taq or Ultma DNA polymerase (Boehringer Mannheim), or TaKaRa LA Taq (Oncor) or eLONGase Enzyme Mix (Life Technologies).
DNA Sequencing. Cloned DNA fragments obtained by library screening or PCR were subcloned in pBluescript II KSϩ (Stratagene), and both strands were sequenced with a PerkinElmer͞Applied Biosystem 373A DNA sequencer using fluorescent dideoxynucleotides. Sequence analysis and assembly was performed by using the Wisconsin Sequence Analysis Package (GCG). spermatozoa were recovered from the lumen of the vas deferens and from the epididymis of six 12-to 15-week-old mice as described (17), collected by centrifugation, and frozen at Ϫ80°C.
Results and Discussion
Cloning Nkx-1.2 Genomic DNA. Two recombinant Nkx-1.2 clones were isolated by screening a mouse genomic DNA library in EMBL-4. Analysis of restriction maps obtained with EcoRI, BamHI, HindIII, SalI, EcoRI plus BamHI, EcoRI plus HindIII, or EcoRI plus SalI showed that the two clones partially overlap. By sequencing restriction fragments of DNA subcloned in pBlueScript, a Nkx-1.2 contig, 9,646 bp in length, was identified and deposited in GenBank. The nucleotide sequence shown in Fig. 1 is a composite of nucleotide residues 3601-9646 of Nkx-1.2 genomic DNA and a Nkx-1.2 cDNA contig that was constructed by assembling two partially overlapping cDNA clones obtained by RT-PCR with mouse embryo poly(A) ϩ RNA and primer pairs ϩP1 ϫ ϪP1 and ϪP2 ϫ ϪP3. The deduced amino acid sequence also is shown. Comparison of the nucleotide sequences of Nkx-1.2 genomic DNA and cDNA showed that the Nkx-1.2 gene is composed of two exons that encode a deduced protein of 305 amino acid residues that is identical to Sax-1 (8) . However, the nucleotide sequence previously reported (8) for the 5Ј end of Sax-1 cDNA (nucleotides 1-73) differs from the nucleotide sequence of genomic Nkx-1.2 DNA. This discrepancy might be explained by the presence of an untranslated 5Ј exon in Sax-1 cDNA. However, further sequence comparison failed to identify the 73 nucleotide residues in about 5 kb of 5Ј flanking Nkx-1.2 genomic DNA; instead, the reverse, complementary nucleotide sequence was found near of the 3Ј end of Nkx-1.2 genomic DNA (8843-8907 residues in Fig. 1 ), and in PCR products obtained with several primer pairs and mouse genomic DNA, mouse embryo cDNA, or brain cDNA (data not shown). These data suggest that the initial 73-nt residue sequence previously reported (8) at the 5Ј terminus of Sax-1 cDNA is a cloning artifact.
The mouse genome contains two homeobox genes with homeodomains that are highly related to the Drosophila NK-1 homeodomain, i.e., NKx-1.1 (7) and Nkx-1.2. The amino acid sequences of the two homeodomains differ by only two amino acid residues and both are conservative amino acid substitutions. However, only 34% of the 38 amino acid residues that can be compared that flank the homeodomain are identical.
Mouse Nkx-1.2 originally was named Nkx-1.1 by Rovescalli et al. (18) and Yamada et al. (11) based on the homology of the amino acid sequence of the homeodomain to the Drosophila NK-1 homeodomain. cDNA corresponding to a different but related homeobox gene was reported subsequently and also was named Nkx-1.1 (7) . To avoid confusion, Gruss and his colleagues (8) renamed their Nkx-1.1 cDNA Sax-1 because the amino acid sequence of the mouse homeodomain is closely related to the Sax-1 homeodomain of the chicken (12), previously named Chox-3 (6). We have renamed the mouse Nkx-1.1 gene that we have been characterizing and the mouse Sax-1 gene, Nkx-1.2, to comply with the recommended nomenclature for mouse homeobox genes, to indicate the homology between the mouse Nkx-1.1 and Nkx-1.2 homeodomains and the Drosophila NK-1 homeodomain, and to avoid further confusion in nomenclature.
Chromosomal Location of the Nkx-1.2 Gene. Southern analysis of genomic DNA from the progeny of (NFS͞N ϫ Mus spretus) ϫ M. spretus or C58͞J crosses with a 500-bp DNA probe encoding the Nkx-1.2 homeodomain and the C-terminal region of the protein identified fragments of Ͼ28 kb in M. spretus DNA and 9.3 kb in NFS͞N. Inheritance of the polymorphic DNA fragments in the progeny of the genetic cross was compared with the inheritance of marker loci, and the Nkx-1.2 gene was mapped to chromosome 7, with no recombination with Oat in 100 mice. A bacterial artificial chromosome (BAC) clone containing Nkx-1.2 genomic DNA isolated from a mouse genomic DNA library also contains part of Oat (data not shown); therefore, Nkx-1.2 is located within 100-300 kb (i.e., the average size of BAC library DNA inserts) of Oat. Nkx-5.1͞Hmx3 and Nkx-5.2͞Hmx2, two mouse homeobox genes moderately related to Drosophila NK-1 (58% identical amino acid sequence in the homeodomain), and NK-3 (60% identical amino acid residues in the homeodomain) also have been mapped to this same region of chromosome 7 (19) , suggesting that there may be a cluster of homeobox genes here. Nkx-1.1 (also referred to as Sax-2) has been mapped to mouse chromosome 5 (7, 10) .
Expression of Nkx-1.2 in Mouse Embryos and Adult Tissues. Northern analysis of poly(A) ϩ RNA from adult mouse organs (Fig. 2) revealed one major band of Nkx-1.2 mRNA, about 3.8 kb in length, in RNA from brain and spleen, and three bands of Nkx-1.2 mRNA, approximately 3.8, 2.4, and 2.0 kb in length, in RNA from testes; traces of smaller transcripts also were found in RNA from testes. Similarly, multiple Sax-1 transcripts were reported in P19 EC cells aggregated for 2 days in the presence of retinoic acid (8) .
Expression of Nkx-1.2 during mouse embryo development also was analyzed by RNase protection. The results (Fig. 2) show that Nkx-1.2 mRNA is most abundant in 10-day embryos and gradually decreases in abundance in 12-and 14-day embryos. Little Nkx-1.2 mRNA was detected in RNA from 18-day embryos. One prominent protected RNA fragment of the expected size (ca. 500 bp) corresponding to the full-length cRNA probe was observed. In addition, a less abundant, smaller (ca. 200 -300 bp) protected fragment was detected, which also is more abundant at day 10 of intrauterine life, and may indicate alternative splicing.
The pattern of expression of Nkx-1.2 mRNA in mouse embryos was analyzed by in situ hybridization (Fig. 2 A-D) . At 14 days after fertilization, Nkx-1.2 mRNA is found in the spinal cord, mesencephalon, and diencephalon. Interestingly, the hybridization signal in the mesencephalon appears in discrete areas, mostly in the medulla oblongata, pontine flexure, and pons, and at the level of the pons͞midbrain boundary; in the diencephalon, Nkx-1.2 mRNA expression is detected mainly in the dorsal thalamus. This pattern is consistent with Nkx-1.2 mRNA expression in clusters of cells, possibly within neuronal nuclei, rather than in a continuous domain along the posterioranterior axis. Our findings are essentially in agreement with in situ hybridization data obtained with whole-mount embryos at 11 days postcoitum (8) . However, discrete clusters of Nkx-1.2 mRNA are not as apparent in 11-day whole-mount embryos as they are in tissue sections from 14-day mouse embryos. This observation may suggest that during development from days 10 to 14, Nkx-1.2 mRNA expression gradually becomes restricted to subsets of cells in the brain.
Cloning of Nkx-1.2 cDNAs. RT-PCR was used to clone Nkx-1.2 cDNA from 10-to 12-day mouse embryo RNA, adult mouse brain RNA, and testis RNA. One major PCR product, about 800 bp in length, was amplified from cDNA from mouse embryos and brain; whereas, RT-PCR with RNA from testis yielded three bands, approximately 800, 600, and 400 bp in length (data not shown). The amplified DNA fragments were subcloned and sequenced. Comparison of the nucleotide sequences of Nkx-1.2 genomic DNA and cDNAs revealed cDNAs that correspond to six species of Nkx-1.2 mRNA that are formed by alternative splicing (Fig. 3A) . Eight Nkx-1.2 cDNA clones from embryo RNA and one clone from testis RNA correspond to three species of Nkx-1.2 mRNA that are formed by alternative splicing at conventional 5Ј donor and 3Ј acceptor sites; however, seven cDNA clones from adult testes mRNA correspond to three species of Nkx-1.2 mRNA that have novel 5Ј and 3Ј splice sites. The consensus sequence of the novel 5Ј donor splice site is CC2TGGAAG, and the consensus 3Ј acceptor splice site is ACTTAC2 (Fig. 3B) . The consensus at the 3Ј acceptor bears some resemblance to the consensus sequence at the 3Ј acceptor site of the AT͞AC family of introns, YCCAC2; however the 5Ј donor site differs markedly from that of the AT͞AC family of introns, 2ATATCC (20, 21) . The presence of novel sequences at both the 5Ј and 3Ј splice sites suggests that the testes may contain unique splicing factors. A similar scenario has been depicted for the AT͞AC family of introns, which are spliced via a unique mechanism involving splice factor U12 (22, 23) . Further work is needed to determine the mechanism of splicing and the functional significance of the unique splicing patterns of Nkx-1.2 RNA and the tissue specificity of the splice products.
An expressed sequence tag (EST) clone (ID number: mouse 906755 vi45F06.R1; GenBank accession number: AA522346) corresponding to a Mus musculus cDNA similar to Nkx-1.2͞Sax-1, was obtained from the IMAGE consortium, and the complete nucleotide sequence was determined and deposited to GenBank. The EST clone, approximately 1,750 nt in length, contains most of the 3Ј untranslated region of Nkx-1.2 cDNA and matches the nucleotide sequence 8613-9646 of genomic Nkx-1.2 DNA shown in Fig. 1 . However, the nucleotide sequence of the EST clone extends further than the nucleotide sequence of Sax-1 cDNA and Nkx-1.2 genomic DNA shown in Fig. 1 ; hence, the EST clone has a poly(A) tail attached to a nucleotide residue that differs from the site predicted based on the sequence of Sax-1 cDNA (8) .
The predicted amino acid sequences of six species of Nkx-1.2 proteins (Fig. 4) show that Nkx-1.2 transcripts found in both testes and embryo may be translated into proteins that lack the N-terminal portion of the homeodomain (cDNA clones T5.17 and T5.18) or all of the homeodomain (clone E4.27); two clones correspond to deduced proteins with alternative amino-terminal regions (clones T 5.18 and T5.1; the putative translational start site for clone T5.1 is unknown); whereas four clones encode proteins that share the same amino acid sequence at the N terminus and contain a conserved EH1͞tinman motif, which reportedly functions as a transcriptional repressor (24) . The C-terminal sequences of all of the predicted Nkx-1.2 proteins, with the exception of clone E4.27, are unknown, because the primers used for cloning correspond to sequences in the 5Ј flanking region of the termination codon.
Localization of Nkx-1.2 mRNA in Male Germ Cells and Spermatozoa.
The localization of Nkx-1.2 mRNA in the testes of adult mice was studied by in situ hybridization. In Fig. 5 A and B, Nkx-1.2 mRNA is shown to be present in the germ cells of the seminiferous Fig. 1 ) and processed according to the RPA-II system instructions (Ambion). The autoradiogram was exposed overnight. (A-D) In situ hybridization. Serial sections from mouse embryos 14 days after fertilization were hybridized with a 500-nt residue (7623-8123 in Fig. 1) , 35 S-labeled Nkx-1.2 antisense (A-C) or sense (D) RNA probe, and slides were contactexposed for 15 days. mo, medulla oblongata; p, pons; p͞m, pons͞mesen-cephalon boundary; dt, dorsal thalamus; sc, spinal cord; g, gut; ge, genital eminence; v, vertebrae. epithelium of the testis. The intensity of the hybridization signal indicates that the concentration of Nkx-1.2 mRNA is present in the postmitotic cells of the seminiferous epithelium; highest abundance was observed in the elongating spermatids and in a few cells within the lumen of the seminiferous tubule, which are testicular spermatozoa on their way to the efferent duct (25) . Haploid-specific cDNAs have been isolated from testis (26) . Although there is some evidence for mRNA synthesis in the haploid nucleus during spermatogenesis, as the spermatid differentiates to spermatozoon, RNA transcription decreases and terminates (26, 27) . The presence of Nkx-1.2 mRNA in elongating spermatids and testicular spermatozoa therefore is consistent with Nkx-1.2 mRNA synthesis in diploid nuclei or in the early stages of spermatogenesis and accumulation of the transcripts in the haploid cells during spermiogenesis, which in mice lasts about 14 days. A similar mechanism has been demonstrated for the protamines, the major haploid specific mRNAs of the testis. Mammalian protamine mRNAs are synthesized during the early stages of spermatogenesis, and then are stored as RNA-protein complexes in round spermatids and translated in the elongating spermatids (26) . In (Fig. 5D ) with RNA prepared from spermatozoa purified from the cauda epydidimi, followed by Southern blot analysis, subcloning, and sequencing the PCR products. These results show that at least one major species of Nkx-1.2 mRNA is present in spermatozoa. The nucleotide sequence of the transcript corresponds to the cDNA clone T5.17, which has novel splice sites and encodes a protein that lacks the first 10 amino acid residues of the homeodomain. The presence of specific mRNAs in mature spermatozoa has been reported (27, 28) , such as RNA splice Fig. 4 . Deduced amino acid sequences of Nkx-1.2 proteins corresponding to six species of Nkx-1.2 mRNA from 10-day embryos or adult testis mRNA. Interesting motifs are enclosed in boxes; the EH1 motif is a conserved motif mediating transcriptional repression for engrailed, which is found in engrailed, goosecoid, NK-1, NK-2, and msh-class homeodomain proteins (24) . cDNA from testis and spermatozoa RNA. In situ hybridization was performed as described in the text. PCR amplification was performed with primers ϩP1 and ϪP1 shown in Fig. 1 . PCR products were separated by size by agarose gel electrophoresis, and the DNA bands were transferred to nylon membranes. Southern analysis was performed by hybridization with a 32 P-labeled oligodeoxynucleotide probe corresponding to primer ϪP2 shown in Fig. 1 . Fig. 1 . Shown are dark-field images of sections hybridized with the antisense NKx-1.2 cRNA probe; little or no hybridization signal was obtained with the sense probe (data not shown). RspC, retrosplenial cortex; PPAC, posterior parietal associative cortex; SSC, somatosensory cortex; Pir, piriform cortex, Amgd, amygdaloid body; CA, cornu ammoni; DG, dentate gyrus; Zi, zona incerta; mHab and lHAb, medial and lateral habenula, respectively; DMH and VHM, dorsomedial and, ventromedial hypothalamic nucleus, respectively; Arc, arcuate nucleus; X, dorsal motor nucleus vagus; VIIIcoch, ventral and dorsal cochlear nuclei; VIII vest, vestibular nucleus; VII, facial nucleus; V, trigeminal nucleus; RP, raphe pallidus.
factors U1 and U2 small nuclear RNA, human protooncogene c-myc, mouse zinc-finger protein Zfp59, human ␤-actin, protamine-1 and -2, and transition protein 2 (27, 28) . The functional significance of these species of mRNA in spermatozoa is unknown. They may represent the remnants of stored mRNAs from postmeiotically transcribed genes; however, the presence of RNA polymerase activity, pre-mRNA, and transcriptioncompetent chromatin in the spermatozoon nucleus has been reported (29) . In addition, specific mRNA from the male gamete may be associated with the highly transcriptionally active male pronucleus (30) and may play a role after fertilization. The time and site of Nkx-1.2 mRNA translation have not been determined; hence, it is not known whether Nkx-1.2 protein is present in spermatids or mature spermatozoa, nor is it known whether Nkx-1.2 protein regulates transcription in male germ cells. The signal transducer and activator of transcription, STAT4 protein, has been localized in the perinuclear theca of spermatozoa (31); because the theca depolymerizes in the cytoplasm of the fertilized egg, the possibility that sperm STAT4 may be a paternal regulator of the onset of zygotic transcription has been suggested (31) .
Expression of Nkx-1.2 mRNA in the Adult Brain. Cells expressing Nkx-1.2 were found by in situ hybridization scattered throughout the brain of adult mice (Fig. 6 A and B) . However, areas with the most intense hybridization signals are as follows: retrosplenial cortex, posterior parietal associative cortex, somato-sensory cortex, piriform cortex, amygdaloid body, cornu ammoni, dentate gyrus, zona incerta, medial and lateral habenula, and dorsomedial, ventromedial and arcuate hypothalamic nuclei. In the cerebral cortex, Nkx-1.2 mRNA is most abundant in the external granular layer, which contains mostly neuronal cells, but little or no Nkx-1.2 mRNA is present in the molecular layer, which contains mostly neuroglia and few neurons (Fig. 6 C and  D) . Many nuclei were found in the pons that express Nkx-1.2 (Fig. 6B) . Highest hybridization signals were detected in the dorsal motor nucleus vagus, ventral and dorsal cochlear nuclei, facial nucleus, trigeminal nucleus, vestibular nucleus, and the raphe pallidus. Nkx-1.2 mRNA is abundant in both the molecular and the granular layers of the cerebellum (Fig. 6 E and F) ; the hybridization signal is most intense at the boundary between the molecular and granular layers, where Purkinje neurons are most abundant.
